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Influenza virus nucleoprotein (NP) is a critical factor in the viral infectious cycle in switching influenza virus
RNA synthesis from transcription mode to replication mode. In this study, we investigated the interaction of
NP with the viral polymerase protein complex. Using coimmunoprecipitation with monospecific or monoclonal
antibodies, we observed that NP interacted with the RNP-free polymerase protein complex in influenza
virus-infected cells. In addition, coexpression of the components of the polymerase protein complex (PB1, PB2,
or PA) with NP either together or pairwise revealed that NP interacts with PB1 and PB2 but not PA. Interaction
of NP with PB1 and PB2 was confirmed by both coimmunoprecipitation and histidine tagging of the NP-PB1
and NP-PB2 complexes. Further, it was observed that NP-PB2 interaction was rather labile and sensitive to
dissociation in 0.1% sodium dodecyl sulfate and that the stability of NP-PB2 interaction was regulated by the
sequences present at the COOH terminus of NP. Analysis of NP deletion mutants revealed that at least three
regions of NP interacted independently with PB2. A detailed analysis of the COOH terminus of NP by mutation
of serine-to-alanine (SA) residues either individually or together demonstrated that SA mutations in this
region did not affect the binding of NP to PB2. However, some SA mutations at the COOH terminus drastically
affected the functional activity of NP in an in vivo transcription-replication assay, whereas others exhibited a
temperature-sensitive phenotype and still others had no effect on the transcription and replication of the viral
RNA. These results suggest that a direct interaction of NP with polymerase proteins may be involved in
regulating the switch of viral RNA synthesis from transcription to replication.

Influenza viruses encompass a major group of human and
animal pathogens belonging to enveloped, segmented, nega-
tive-strand RNA viruses. Following infection of permissive
cells, both the transcription and the replication of influenza
virus RNAs occur in the cell nucleus by a virus-specific RNA-
dependent RNA polymerase protein complex (18). Various
biochemical and genetic analyses have shown that three poly-
merase proteins (PB1, PB2, and PA) interact with each other
and function as a three-polymerase protein (3P) heterocom-
plex in both transcription and replication of viral RNAs
(vRNAs) (17, 30). Three types of influenza virus-specific
RNAs are synthesized in infected cells. (i) mRNAs, the prod-
uct of transcription, possess at the 59 end a capped 10- to
13-nucleotide sequence of nonviral origin derived from the
newly synthesized host nuclear RNAs, lack 17 to 22 nucleotides
from the 39 end, but possess poly(A) sequences at the 39 end.
(ii) cRNAs and (iii) vRNAs of plus and minus polarity, respec-
tively, are the products of replication (17, 30). cRNAs are
complete complementary copies of vRNA segments and do not
possess either the capped primer at the 59 end or poly(A)
sequences at the 39 end and function as the template for syn-
thesis of vRNA which is also a complete copy of the cRNA
template.

For transcription of mRNA, influenza virus uses a unique
strategy in the host nucleus (17, 18). PB2, a member of the 3P
complex, recognizes the capped host RNAs and cleaves the 59
cap containing 10 to 13 nucleotides at a specific site, which is
used by PB1, another member of the same 3P complex, as a

primer for chain elongation. PB1 possessing the conserved
polymerase motifs (7) uses the 59-capped primer for initiating
and continuing mRNA synthesis by chain elongation with the
vRNA as a template (17). Transcription of mRNA is termi-
nated at a specific site approximately 17 to 22 nucleotides from
the 59 end of the template vRNA, and poly(A) sequences are
added at the 39 end of viral mRNA by stuttering of the 3P
complex on the oligo(U) stretch of the vRNA template (13).
cis-acting elements such as a panhandle structure and poly(U)
stretch of the template vRNA appear to be critical in both
transcription termination and poly(A) addition at the 39 end of
mRNA (13, 22).

Unlike mRNA transcription, vRNA replication leading to
synthesis of the cRNA and vRNA uses an entirely different
mechanism of RNA synthesis by the 3P complex since it re-
quires both primer-independent initiation of RNA synthesis at
the 59 end and chain completion without premature termina-
tion and without poly(A) addition at the 39 end. Therefore, in
the infectious cycle, a switch from transcription to replication
after the primary transcription of vRNA must take place for
cRNA synthesis, the first step in vRNA replication. The mech-
anism of the switch from transcription to replication is unclear
at present and appears to require both viral and host factors
(38). Genetic and biochemical studies have demonstrated that
viral nucleoprotein (NP) is a critical factor in switching RNA
synthesis from transcription mode to replication mode and that
the switch to replication mode fails to occur in the absence of
soluble NP both in vitro and in virus-infected cells (17).

Influenza virus NP is a major structural protein in virus
particles and has multiple functions in the viral infectious cycle.
It is a basic protein rich in arginine with a net positive charge
of 114 at pH 6.5 (20). In vitro it binds to RNA nonspecifically,
yet in vivo NP binds only to complete cRNA (plus polarity) and
vRNA (minus polarity), forming cRNP and vRNP, respec-
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tively, and does not bind to viral mRNA (plus polarity) pos-
sessing 59 cap and 39 poly(A) sequences (17). NP has a karyo-
philic signal(s) (31, 41) for nuclear translocation and along
with the 3P complex plays a critical role in nuclear transloca-
tion of vRNP after uncoating of the infecting virus. vRNP also
interacts with M1 protein, suggesting a possible interaction of
NP with M1 that likely plays a critical role in the budding
process of virus particles (4). NP is a phosphoprotein (14, 34,
35) that has been shown to undergo autophosphorylation and
also to possess phosphorylation activity in vitro (11).

Although NP is critically required for switching vRNA syn-
thesis from transcription to replication, the function of NP in
replication of vRNA remains unclear. So far, two mechanisms
have been postulated for the role of NP in the transcription-
to-replication switch. (i) NP has been shown to be an antiter-
mination factor. Therefore, NP may facilitate melting of the
panhandle structure of the vRNA template (6) and somehow
stop stuttering of the 3P complex on the oligo(U) stretch of the
vRNA template and thereby prevent chain termination leading
to completion of cRNA synthesis. However, transcripts initi-
ated with the capped primer cannot be antiterminated in the
presence of soluble NP (6), suggesting that both the initiation
of RNA synthesis in the absence of the capped primer at the 59
end and the antitermination at the 39 end are coordinated and
most likely occur concurrently by the same mechanism. (ii) NP
binds to the nascent product RNA during synthesis to form
cRNP or vRNP. This binding of NP to the newly synthesized
RNA will somehow cause antitermination and permit reading
through the poly(U) tract in the vRNA template. On the other
hand, the presence of cap at the 59 end would prevent NP from
binding to the nascent mRNA product and thereby prevent
antitermination of the capped mRNA transcript (17). How-
ever, neither of these hypotheses could explain how the prim-
er-independent initiation, the first step in cRNA or vRNA
synthesis, could occur in the presence of free NP. For this
reason, we have examined the third possibility, that the free NP
could in fact directly interact with one or more components of
the 3P complex and thereby modify the polymerase protein
complex from transcription mode to replication mode. This
function of NP could occur in addition to its known antitermi-
nation effect. In this report, we have demonstrated that NP
indeed binds to the components of the polymerase protein
complex both in virus-infected cells and in cells coexpressing
polymerase and NP proteins. We have further shown that NP
interacts with PB1 and PB2 but not with PA and that multiple
regions of NP bind to PB2, a protein involved in binding and
cleaving the 59-capped RNA primer which is used for the
initiation of viral mRNA transcription. In addition, we show
that the NP-PB2 interaction is labile and that the COOH
terminus of NP provides a regulatory role affecting the stability
of NP-PB2 interaction. The implication of these results in the
regulation of transcription and replication of influenza virus
RNA is discussed.

MATERIALS AND METHODS

Viruses and cells. Influenza virus (A/WSN/33) was grown in MDCK cells (7).
Recombinant vaccinia virus expressing T7 RNA polymerase (VTF7.3) was a gift
from Bernard Moss, National Institute of Allergy and Infectious Diseases, Be-
thesda, Md. (10). HeLa and CV1 cells were used for growing vaccinia virus stock
and determining infectivity titer (PFU), respectively. COS1 cells were used for
influenza virus polymerase activity assay (7, 8) and for studying protein-protein
interactions by coexpression.

Plasmids and mutants of the NP gene. Plasmids pGEM PB1, pGEM PB2,
pGEM PA, and pGEM NP were used as described before (8). Standard tech-
niques were used for DNA manipulation (37). COOH-terminal deletion mutants
were constructed by using restriction enzyme sites to remove DNA encoding
different amino acids from the full-length NP containing 498 amino acids (aa) as
follows: DC33, SacI; DC140, HindIII; and DC165, SphI. Plasmid pET17b (No-

vagen, Madison, Wis.) containing an 11-aa T7 tag was used at the NH2 terminus
to express different parts of NP as T7-tagged NP fusion proteins, using different
restriction enzyme sites in NP as follows: NP I, aa 1 to 161 (EcoRI to BamHI);
NP II, aa 160 to 256 (BamHI to BglII); NP III, aa 255 to 341 (BglII to BglII); NP
IV, aa 340 to 498 (BglII to EcoRI); and NP V, aa 340 to 465 (BglII to SacI).

For the desired mutation of specific amino acids, PCR amplification with
different oligonucleotides was used for site-directed mutagenesis of the NP gene.
The PCR product was double digested with different restriction enzymes and
ligated into pGEM NP by three-way ligation. Individual clones of pGEM NP
containing serine-to-alanine (SA) mutations at aa 486, 482, 478, 473, and 467
were confirmed by sequencing the entire PCR-amplified DNA to ensure that
additional mutations were not introduced by PCR amplification.

Plasmid Ribo-CAT (23) was used in influenza virus transcription-replication
assays as described before (8). Plasmid pRSET B (Invitrogen, San Diego, Calif.)
was used to clone PB1, PB2, PA, and NP to express them as histidine-tagged
proteins.

Infection and transfection. For analysis of protein-protein interactions during
influenza virus infection, MDCK cells were infected with influenza virus (A/
WSN/33) at a multiplicity of infection (MOI) of 5, unabsorbed viruses were
removed by washing, and cells were labeled for 1 h after 6 h postinfection (hpi).
For component expression experiments, COS1 cells in 60-mm-diameter dishes
were infected with vaccinia virus VTF7.3 at an MOI of 5 for 1 h and then
transfected with pGEM plasmids carrying genes encoding NP, PB1, PB2, or PA
alone or in combination, using Lipofectin-mediated transfection as described
before (7, 8). Cells were labeled at 14 h posttransfection (hpt) for 1 h, and the cell
lysates were used for immunoprecipitation.

For the transcription-replication assay, COS1 cells in 60-mm-diameter dishes
were infected with VTF7.3 at an MOI of 5 for 1 h and then transfected with a
mixture of plasmid pGEM NP (or mutant NP; 5 mg), pGEM PB1 and pGEM
PB2 (2 mg of each), pGEM PA (0.5 mg), and Ribo-CAT (3 mg) DNA by
Lipofectin-mediated transfection. At 24 hpt, cells were lysed by freezing and
thawing and assayed for chloramphenicol acetyltransferase (CAT) activity as
described before (7, 8).

Radiolabeling and preparation of the infected cell lysate. For radiolabeling of
proteins, influenza virus (A/WSN/33)-infected MDCK cells at 5 hpi or VTF7.3-
infected COS1 cells at 13 hpt were washed with phosphate-buffered saline con-
taining 0.01% CaCl2 and 0.01% MgCl2, incubated in methionine and cysteine-
free medium for 1 h at 37°C, and then labeled for 1 h in the same medium
containing 50 mCi of Express 35S (New England Nuclear, Boston, Mass.) per ml.
After labeling, cell monolayers were washed and scraped in cold phosphate-
buffered saline and pelleted by centrifugation. Influenza virus-infected MDCK
cells were lysed and separated into cytoplasmic and nuclear fractions as de-
scribed previously (1). Nuclear fractions were then resuspended in 1 ml of TNE
buffer (10 mM Tris HCl [pH 7.5], 20 mM NaCl, 2 mM EDTA) and lysed by
sonication. Both cytoplasmic and nuclear fractions were diluted to 4 ml by adding
TNE suspension buffer. The vRNP complex was removed from the cytoplasmic
and nuclear fractions by centrifugation for 3 h at 48,000 rpm in an SW55 Ti rotor,
yielding the supernatants (RNP-free lysate) and pellet (RNP) (6, 9). The RNP-
free lysates from cytoplasmic and nuclear fractions were divided into two parts;
one part was treated with RNases A (1 mg/ml) and T1 (1,000 U/ml) at 37°C for
30 min, and the other part remained untreated.

For preparing the lysates of His6-tagged proteins, the transfected COS1 cells
were suspended in buffer A (20 mM Tris-HCl [pH 8.0], 100 mM NaCl, 2 mM
imidazole, 1% Nonidet P-40) and lysed by sonication. The cell lysate was cen-
trifuged at 12,000 rpm for 5 min at 4°C, and the supernatant was used for binding
to TALON resin, a cobalt-immobilized metal affinity chromatography resin
(Clontech, Palo Alto, Calif.).

Immunoprecipitation, His tag purification, and Western blotting. For immu-
noprecipitation of labeled proteins in influenza virus-infected cells, both RNase-
treated and untreated RNP-free supernatants of cytoplasmic and nuclear frac-
tions were adjusted to 13 radioimmunoprecipitation assay (RIPA) buffer
containing 10 mM Tris HCl (pH 7.5), 2 mM EDTA, 100 mM NaCl, 1% Nonidet
P-40, 0.5% deoxycholate, 1% aprotinin, and 5 mg of bovine serum albumin per
ml. Both samples were divided into five parts; each part was immunoprecipitated
with either monospecific anti-PB1, anti-PB2, and anti-PA or monoclonal anti-NP
antibodies or with normal serum (8). The immunoprecipitated complex was
further washed with RIPA buffer containing 500 mM NaCl and finally in RIPA
buffer without bovine serum albumin. The immunoprecipitate was analyzed by
sodium dodecyl sulfate-polyacrylamide gel (8%) electrophoresis (SDS-PAGE).

For immunoprecipitation of cell lysates after individual component expression
or coexpression, the labeled transfected COS1 cells were lysed in 13 RIPA
buffer by sonication, and the lysate was clarified by centrifugation at 12,000 rpm
at 4°C for 10 min. The lysate was then divided into two parts; one part was
immunoprecipitated with monoclonal anti-NP antibodies, and other part was
immunoprecipitated with monospecific anti-PB1, anti-PB2, or anti-PA antibod-
ies according to the component proteins used for coexpression with NP (8). The
immunoprecipitated complex was further washed and analyzed as described
above.

When plasmid pET17b was used to express different parts of NP, anti-T7 tag
antibody (Novagen) was used for immunoprecipitation. The immunoprecipitated
sample was analyzed in SDS-polyacrylamide gels containing 10% polyacrylamide
in the top half and 15% polyacrylamide in the bottom half.
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For purification and analysis of His6-tagged proteins, lysates from cells trans-
fected with pRSET PB1, pRSET PB2, pRSET PA, or pRSET NP were incubated
with TALON metal affinity resin (Clontech) for 2 h at 4°C and washed with buffer
A containing 500 mM NaCl and 5 mM imidazole. Finally, the resin-bound
proteins were eluted, analyzed by SDS-PAGE (8% gel), and Western blotted,
and portions of the same blot were probed with anti-PB1, anti-PB2, or anti-PA
antibodies, depending on which proteins were expressed or coexpressed. Anti-
WSN antibodies were used for probing NP in Western blot analysis. The blot was
developed with Western blot-chemiluminescence agent (NEN).

RESULTS

Interaction of NP with the RNP-free polymerase protein
complex in influenza virus-infected cells. First we wanted to
determine if viral NP interacted directly with the viral poly-
merase protein complex in influenza virus-infected cells. Ac-
cordingly, we used coimmunoprecipitation to identify which if
any of the influenza virus polymerase protein(s) interacted
with NP during viral infection. Since NP is the major structural
component of RNP and the 3P complex is associated with RNP
(27), it could be assumed that coimmunoprecipitation of any
polymerase protein(s) and NP might be due to specific binding
of both NP and the 3P complex with the vRNA, forming the
vRNP-polymerase protein complex in virus-infected cells. To
overcome the problem, we used the strategy described previ-
ously for removal of the RNP complex (6, 9). Briefly, MDCK
cells were infected with influenza virus (A/WSN/33) at an MOI
of 5 and labeled from 6 to 7 hpi. The labeled cells were
fractionated into cytoplasm and nuclear fractions (1), and
RNPs were pelleted from each fraction by ultracentrifugation
(6, 9). Furthermore, since RNAs in the influenza virus RNP
are susceptible to degradation by RNase treatment (15), any
RNP (or RNA) contamination in the supernatant was further
eliminated by treating the supernatant with RNases A and T1.
Accordingly, the RNP-free supernatants from both cytoplas-
mic and nuclear fractions were divided into two equal aliquots
which were either RNase treated or untreated. Finally, equal
amounts of RNase-treated and untreated samples from cyto-
plasmic and nuclear fractions were immunoprecipitated with
nonimmune serum or anti-PB1, anti-PB2, anti-PA, or anti-NP
antibodies. As shown in Fig. 1A, anti-PB1, anti-PB2, and an-
ti-PA antibodies immunoprecipitated the specific polymerase
protein as well as the other members of the polymerase protein
complex. It was shown previously that PA forms a less stable
complex with either PB1 or PB2 and usually dissociates during
immunoprecipitation (1, 9, 39). In addition, each of the anti-
polymerase antibodies also coimmunoprecipitated a 56-kDa
protein. Conversely, anti-NP monoclonal antibodies immuno-
precipitated NP as well as PB1 and PB2 but not PA. Results
were similar with and without RNase treatment. To determine
if the 56-kDa band which was coimmunoprecipitated with anti-
PB1, anti-PB2, and anti-PA antibodies was NP, the relevant
portion of the same gel was blotted and probed with anti-WSN
antibodies. It should be noted that rabbit anti-WSN antibodies
but not mouse monoclonal anti-NP antibodies could detect NP
in Western blots. The results (Fig. 1B) show that the 56-kDa
band that coimmunoprecipitated with anti-PB1 and anti-PB2
antibodies was NP, but this was not the case for the band
coimmunoprecipitated by anti-PA antibodies. This protein
brought down by anti-PA antibodies might be the 60-kDa
protein which reacts nonspecifically with anti-PA antibodies as
has been observed previously (1). Results from nuclear frac-
tions were similar to those observed for the cytoplasmic frac-
tions (data not shown). These results demonstrated that a
fraction of RNP-free NP interacted with the 3P complex in
influenza virus-infected cells. It should be noted that immuno-
precipitation was carried out in the absence of SDS (0.1%) in
RIPA buffer, as 0.1% SDS caused dissociation of the NP-

polymerase protein complex and as a result the NP-polymerase
protein complex could not be coimmunoprecipitated by either
anti-polymerase or anti-NP antibodies (data not shown).

Interaction of NP with the viral polymerase protein complex
by component expression. Although in influenza virus-infected
cells the coimmunoprecipitation results with antipolymerase or
anti-NP antibodies were similar with and without RNase treat-
ment of the RNP-free polymerase protein complex, the pres-
ence of vRNA (or vRNP) in the infected cell lysate could not
be completely ruled out. To eliminate the problem of vRNA
(or vRNP) contamination, we used an expression system of
individual components from cDNA (7, 8). Accordingly, we
expressed three polymerase proteins and NP together, using
the T7-vaccinia virus expression system. COS1 cells were in-
fected with VTF7.3 at an MOI of 5 for 1 h and then transfected
with pGEM PB1, pGEM PB2, pGEM PA, and pGEM NP
DNAs. At 14 hpt, the transfected cells were labeled for 1 h and
lysed in 13 RIPA buffer without SDS by sonication. The cell
lysate was divided into five parts, and each part was immuno-
precipitated by either normal serum or any one of the anti-
PB1, anti-PB2, anti-PA, or anti-NP antibodies. Results (Fig. 2)
show that the three polymerase proteins formed the 3P het-
erocomplex as expected and that PA was rather unstable in the
3P complex as seen earlier (1, 9, 17, 39). Furthermore, anti-
PB1 and anti-PB2 but not anti-PA antibodies coimmunopre-
cipitated NP. Conversely, anti-NP antibodies coimmunopre-
cipitated PB1 and PB2. Although in this experiment PA and
PB2 migrated to the same position, the band immunoprecipi-
tated by NP was PB2 and not PA as shown by Western blotting
(data not shown) and also as shown later (Fig. 3). These results
demonstrated that the influenza virus NP interacted directly
with polymerase protein PB1 and PB2 but not with PA in the
absence of any vRNA or other viral components.

Since NP interacted with two of the polymerase proteins

FIG. 1. Presence of the NP-polymerase protein complex in influenza virus-
infected cells. MDCK cells were infected with influenza virus (A/WSN/33) at an
MOI of 5 and labeled with Express 35S (NEN) at 6 hpt for 1 h. Cells were lysed
and fractionated into cytoplasmic and nuclear fractions, and vRNPs were re-
moved from both fractions by ultracentrifugation (1, 6). Aliquots of RNP-free
supernatants from the cytoplasmic fraction were treated with (1) or without (2)
RNase. Each fraction was divided into five parts and immunoprecipitated with
either normal serum or anti-PB1 anti-PB2, anti-PA, or anti-NP antibodies in the
absence of SDS as noted in Materials and Methods. The RNP pellet was dis-
solved and immunoprecipitated with a mixture of anti-PB1, anti-PB2, and an-
ti-NP antibodies. The immunoprecipitated complexes were separated by SDS-
PAGE (8% gel) and autoradiographed (A). The gel in panel A was transferred
to a membrane, and the relevant portion of the membrane was probed with
anti-WSN antibodies and detected by chemiluminescence (B). The position of
NP is shown with an open arrowhead. Similar results were obtained from the
RNP-free nuclear supernatant (data not shown).
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(PB1 and PB2) in the presence of the whole polymerase pro-
tein complex, we wanted to determine whether 3P complex
formation was required for interaction of PB1 and PB2 with
NP or whether NP can interact with the individual polymerase
proteins in the absence of 3P complex formation. We therefore
coexpressed NP pairwise with PB1, PB2, or PA. Accordingly,
COS1 cells were infected with VTF7.3 and then either mock
transfected with pGEM 3, transfected individually with pGEM
NP, pGEM PB1, pGEM PB2, or pGEM PA, or cotransfected
pairwise with pGEM NP and one of the three plasmids ex-
pressing polymerase proteins. At 14 hpt, cells were labeled and
lysed in RIPA buffer without SDS as described in Materials
and Methods. The lysates were divided into two parts; one part
was immunoprecipitated with either anti-PB1, anti-PB2, or
anti-PA antibodies, depending on the P protein expressed, and
the other part was immunoprecipitated by anti-NP antibodies.
As shown in Fig. 3A, when PB1 or PB2 was coexpressed with
NP and immunoprecipitated with either anti-PB1 or anti-PB2

antibodies, NP was coimmunoprecipitated along with either
PB1 or PB2. But when PA was coexpressed with NP and
immunoprecipitated with anti-PA antibodies, only PA and not
NP was immunoprecipitated. However, it should be noted that
since PA was expressed in lower amounts and formed a less
stable complex even with other polymerase proteins, the for-
mation of minor amounts of PA-NP complexes cannot be
completely ruled out. Conversely, anti-NP antibodies immuno-
precipitated NP as well as PB1 or PB2 but not PA from the
lysates of coexpressing cells (Fig. 3B). These results also show
that the interaction between NP and PB1 or PB2 was specific,
as anti-PB1, anti-PB2, and anti-PA antibodies did not cross-
react with NP (Fig. 3A). Likewise, anti-NP antibodies did not
cross-react with either PB1, PB2, or PA (Fig. 3B).

To demonstrate further that the interaction of PB1 and PB2
with NP was specific, we expressed PB1, PB2, and PA with a
His6 tag at the NH2 terminus either individually or with NP.
Conversely, we also expressed His6-tagged NP alone or with
PB1, PB2, or PA. Accordingly, COS1 cells were infected with
VTF7.3 and transfected with pGEM NP either alone or with
pRSET PB1, pRSET PB2, or pRSET PA DNA. Alternatively,
cells were transfected with pRSET NP DNA alone or with
pGEM PB1, pGEM PB2, or pGEM PA DNA as described in
Materials and Methods. At 14 hpt, cells were lysed and His6-
tagged protein was purified by using TALON resin, a cobalt-
based metal affinity resin, as described in Materials and Meth-
ods. The TALON-bound proteins were eluted, analyzed by
SDS-PAGE (8% gel), and blotted to a membrane. Relevant
portions of the blot were probed with either anti-WSN, anti-
PB1, anti-PB2, or anti-PA antibodies. These results demon-
strated that His-tagged NP formed complexes with PB1 or PB2
but not with PA (Fig. 4A). Conversely, His-tagged PB1 and
PB2 but not PA interacted with NP (Fig. 4B). Analysis of
supernatants (unbound) showed that both PA and NP were
present when coexpressed but did not interact with each other.
Taken together, these results from two independent experi-
mental approaches using coimmunoprecipitation as well as
His-tagged proteins demonstrate that PB1 and PB2 but not PA
formed complexes with NP both in virus-infected cells and in
cells coexpressing these proteins. These results further dem-

FIG. 2. Interaction of NP with the polymerase protein complex in coexpress-
ing cells. COS1 cells were infected with VTF7.3 at an MOI of 5 and transfected
with a mixture of pGEM PB1, pGEM PB2 (3 mg of each DNA), pGEM PA (2
mg of DNA), and pGEM NP (1 mg of DNA). At 14 hpt, cells were labeled with
Express 35S for 1 h, lysed, and divided into five parts. Each part was immuno-
precipitated with either normal serum or anti-PB1, anti-PB2, anti-PA, or anti-NP
antibodies. The immunoprecipitated complex was analyzed by SDS-PAGE (8%
gel). The open arrowhead shows the position of NP.

FIG. 3. Interaction of NP with PB1 and PB2 in coexpressing cells. COS1 cells were infected with VTF7.3 at an MOI of 5 and transfected alone with pGEM NP
(1 mg), pGEM PB1 (3 mg), pGEM PB2 (3 mg), or pGEM PA (2 mg) or cotransfected pairwise as indicated (1). At 14 hpt, cells were labeled with Express 35S for 1 h
and lysed. The lysate was divided into two parts; one part was immunoprecipitated with anti-NP (B), and the other was immunoprecipitated with either anti-PB1,
anti-PB2, or anti-PA antibodies (A). The immunoprecipitated complex was separated by SDS-PAGE (8% gel) and autoradiographed. M, mock transfected with pGEM
3; 1, DNA used for transfection. The open arrowhead shows the position of NP.
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onstrated that NP can interact with either PB1 or PB2 inde-
pendently in the absence of 3P heterocomplex formation.

Deletion from the COOH terminus of NP enhances its bind-
ing to PB2. Since NP-PB2 interaction is likely to affect PB2
function in switching from transcription to replication, we
wanted to investigate the NP-PB2 interaction in further detail.
To determine the regions of NP interacting with PB2, initially
we made a number of COOH-terminal deletion mutants of
NP. These NP deletion mutants were cotransfected with PB2.
Accordingly, COS1 cells were infected with VT7.3 at an MOI
of 5 and transfected with either pGEM NP or COOH-terminus
deletion mutants of NP along with pGEM PB2. At 14 hpt, cells
were labeled and lysed as described in Materials and Methods.
The clarified lysate was divided into two parts; one part was
immunoprecipitated with anti-NP antibodies, and the other
was immunoprecipitated with anti-PB2 antibodies. As shown
in Fig. 5A, anti-PB2 antibodies coimmunoprecipitated the
wild-type (WT) NP as well as COOH-terminus deletion mu-
tants of NP (Fig. 5A, lanes PB21NP and PB2). Likewise,
antibodies against NP coimmunoprecipitated PB2 along with
NP deletion mutants (Fig. 5B, lanes PB21NP and NP). As
noted earlier, in the presence of 0.1% SDS in RIPA buffer, the
complex between WT NP and WT PB2 became dissociated
and could not be coimmunoprecipitated with either antibody
(Fig. 5A and B, lanes PB21NP, SDS1). But when 33 aa were
deleted from the COOH terminus of NP (NPD33), PB2 and
NP interacted with each other two to three times more in the
absence of SDS (data not shown), and more importantly, a
major fraction of the NP-PB2 complex was resistant to
0.1% SDS in RIPA buffer and in washing buffer (Fig. 5A
and B, lanes PB21NPDC33, SDS1). Mutants with further
deletion from the COOH terminus of NP (DC140 and
DC165) behaved similarly to the NPDC33 mutant (Fig. 5A,
lanes PB21NPDC140 and PB21NPDC165; Fig. 5B, lanes

PB21NPDC140 and PB21NPDC165). These results showed
that the COOH terminus of NP affects the stability of NP-PB2
complex formation.

Multiple regions of NP interact independently with PB2. To
further dissect NP-PB2 interaction, the NP cDNA was digested
with appropriate restriction enzymes into four fragments (NP
I to NP IV [Fig. 6A]) as stated in Materials and Methods. In
addition, we constructed NP V, which is same as NP IV except
that it lacks the last 33 aa. Each NP fragment was cloned into
a pET expression system with a T7 tag at the NH2 terminus in
the proper translation frame.

The WT and NP deletion mutants (I to V) were coexpressed
with PB2, and NP-PB2 complex formation was assayed by
coimmunoprecipitation using either anti-PB2 antibodies (Fig.
6B) or anti-T7 tag antibodies (Fig. 6C) in the presence or
absence of 0.1% SDS. Results show that NP I, NP III, NP IV,
and NP V interacted with PB2 but NP II (aa 160 to 256) failed
to form a complex with PB2 by immunoprecipitation using
either anti-PB2 or anti-T7 tag antibodies. Complex formation
could be demonstrated both in the presence and in the absence
of SDS (0.1%), and more complex was present in the absence
of SDS (0.1%) as expected. These results show that multiple

FIG. 4. Copurification of the polymerase-NP protein complex, using either
His-tagged NP or His-tagged PB1, PB2, or PA. COS1 cells in 60-mm-diameter
dishes were infected with VTF7.3 at an MOI of 5 and transfected with pRSET
NP (2 mg) alone or with pGEM PB1 (4 mg), pGEM PB2 (4 mg), or pGEM PA
(2 mg) (A). In another set, VTF7.3-infected COS1 cells were transfected with
pRSET PB1, (4 mg), pRSET PB2 (4 mg), or pRSET PA (2 mg) alone or with
pGEM NP (2 mg). At 14 hpt cells were lysed as described in Materials and
Methods. The lysate was incubated with TALON beads (Clontech) for 2 h with
shaking in 4°C. The beads were then washed as described in Materials and
Methods. TALON bead-bound (P) and unbound (S) proteins were analyzed by
SDS-PAGE (8% gel) and Western blotted, and respective portions were probed
with either anti-PB1, anti-PB2, anti-PA, or anti-WSN antibodies and developed
in chemiluminescence solution. Open arrowheads show the positions of NP.

FIG. 5. COOH-terminal deletion NP mutants bind strongly to PB2. COS1
cells in a 60-mm-diameter dish were infected with VTF7.3 at an MOI of 5 and
transfected with pGEM PB2 and pGEM NP or NP mutants (2 mg of each). At
14 hpt, cells were labeled with Express 35S for 1 h, lysed by sonication, and
clarified. The lysate was divided into two parts. One part was immunoprecipi-
tated with anti-PB2 antibodies (A), and the other part was immunoprecipitated
with anti-NP antibodies (B). The immunoprecipitated complex was analyzed by
SDS-PAGE (8% gel). Positions of WT and mutant NP are shown with open
arrowheads. 1, immunoprecipitation and washing in the presence of 0.1% SDS.
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regions of NP (I, III, and IV) can independently interact with
PB2. These results also demonstrated the specificity of the
coimmunoprecipitation, as NP II failed to form complex with
PB2 although NP II was expressed well (Fig. 6C).

Mutational analysis of the COOH terminus of NP. The
COOH-terminal region of NP appears to regulate the stability
of NP-PB2 interaction, as deletion of the last 33 aa of NP made
the NP-PB2 complex stable to 0.1% SDS (Fig. 5). We there-
fore decided to determine the function of this COOH region

by mutational analysis. Since NP is known to undergo phos-
phorylation and since serine is the only phosphoamino acid
found in NP (14, 34, 35), we decided to mutate the five serine
residues present in the last 33-aa sequence of NP either indi-
vidually or together and determine their effect on NP-PB2
binding. Accordingly, NP mutants individually possessing
486SA, 482SA, or 478SA mutation and an NP mutant possess-
ing these three SA mutations as well as 473SA and 467SA
mutations were constructed by site-specific mutagenesis, and
the effect of these mutations on the interaction of the NP IV
fragment with PB2 was investigated. NP IV-PB2 interactions
were analyzed by using the pET expression system for NP IV
and NP IV SA mutants and the T7 expression system for PB2.
Upon cotransfection, anti-T7 tag antibodies were used for im-
munoprecipitation of NP IV and NP IV mutants, whereas
anti-PB2 antibodies were used for immunoprecipitation of
PB2. Results (Fig. 7) show that SA mutations, either individ-
ually or together, in the NP IV fragment did not affect their
binding to PB2 or the stability of the NP IV-PB2 complex in
the presence of SDS. However, the 486SA mutation affected its
migration in the gel. The mutant 486SA, when present alone or
combined with others, migrated faster than the WT or other
NP IV mutants (Fig. 7A). Whether this migration behavior was
due to the effect of mutation on the structure of the polypep-
tide or due to its effect on phosphorylation remains to be
determined.

To determine if the SA mutations at the COOH terminus of
NP affected its function in the influenza virus transcription-
replication assay in vivo, we incorporated the SA mutations in
the context of whole NP and used a modified Ribo-CAT sys-
tem for assaying transcription and replication as described
earlier (7, 8). In this system, the active polymerase protein
complex is reconstituted in vivo and NP is required for repli-
cation and amplification of Ribo-CAT RNA under the control
of the influenza virus RNA promoter. Since many of the single-
base mutations are known to cause temperature-sensitive (ts)
lesions (17, 21, 24, 25), we also wanted to determine the effect
of SA mutations on temperature sensitivity. Since temperature
sensitivity for influenza virus is usually determined at 33°C
versus 39.5 to 42°C, we first investigated the effects at 33, 37,
and 39.5°C in the in vivo transcription-replication assay using
the WT proteins. We found that the vaccinia virus expression
system used for the influenza virus transcription-replication
assay was highly sensitive at 39.5°C and that little or no CAT
expression was detected even for the WT viral proteins at
39.5°C (data not shown). More surprisingly, we observed that
CAT expression was at least threefold higher at 33°C than at
37°C (Fig. 8A). We therefore analyzed both the WT and SA
NP mutants at 33 and 37°C in the transcription-replication
assay using the Ribo-CAT system (8). Results were compared
by using the CAT activity of the WT NP at 33 and 37°C as
100% (Fig. 8C). Results show that NPDC33 and all SA NP
mutants combined together expressed little CAT activity at
either 33 or 37°C and therefore were essentially nonfunctional
at both temperatures. On the other hand, 482SA, 473SA, and
467SA NP mutants behaved like the WT protein at both tem-
peratures. However, mutants 486SA and 478SA exhibited an
intermediate phenotype: CAT activity was reduced to 20 to
30% of the WT level at 33°C but was essentially undetectable
at 37°C, i.e., was highly ts (Fig. 8C). Western assay of the same
lysate showed that essentially similar amounts of NP proteins
were synthesized at both temperatures for the WT and mutant
NP proteins (Fig. 8B). Since some NP SA mutations affected
CAT activity in the in vivo transcription-replication assay, we
wanted to determine if these SA mutations affected binding or
stability of NP-PB2 interaction in the context of whole NP.

FIG. 6. Interaction of different NP fragments with PB2 protein. (A) Sche-
matic diagram of different parts of NP expressed in pET vector. Numbers on the
lines indicate amino acid residues of NP. These constructions were made by
using appropriate restriction sites as stated in Materials and Methods. (B and C)
Interactions of various parts of NP with PB2. COS1 cells were infected with
VTF7.3 at an MOI of 5 and transfected with pET NP (or pET NP mutants) along
with pGEM PB2 as described in Materials and Methods. At 14 hpt, cells were
labeled with Express 35S, lysed, divided into two parts, and immunoprecipitated
with either anti-PB2 (B) or T7 tag antibodies for NP mutants (C). The immu-
noprecipitated samples were analyzed by SDS-PAGE (10% [top half] and 15%
[bottom half] polyacrylamide). Open arrowheads show the positions of WT and
mutant NP.
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Although the SA mutations in fragment NP IV did not affect
its binding to PB2 (Fig. 7), these mutations may behave dif-
ferently in the context of whole NP. Accordingly, NP-PB2
interaction was analyzed by coexpression of SA NP mutants
and PB2. Results showed that NP-PB2 interactions of these SA
NP mutants were essentially the same as for WT NP in the
absence of 0.1% SDS (Fig. 9) and that the complex dissociated
in the presence of 0.1% SDS in RIPA buffer (data not shown).
Therefore, these SA mutations at the COOH terminus of NP
did not affect the formation or stability of the NP-PB2 com-
plex.

DISCUSSION

In the influenza virus infectious cycle, NP plays a critical role
in switching the transcription of viral mRNA to the replication
of cRNA and vRNA. Studies with ts mutants have shown that
different ts NP mutants can affect both cRNA and vRNA
synthesis independently (17, 19). Biochemical studies have fur-
ther shown that RNP-free soluble NP is required for switching
mRNA to cRNA synthesis in vitro (6, 17). NP interacts with
viral RNA (2, 16) as well as with itself, forming an oligomer
(36), and with cellular proteins, (4, 32, 33, 41). It may also
interact with other viral proteins such as M1 and possibly NS1

FIG. 7. Effects of SA mutations on the binding of NP IV to PB2. COS1 cells
were infected with VTF7.3 at an MOI of 5 and then transfected with either pET
NP IV or pET NP IV mutants along with pGEM PB2 DNA. Cells were labeled
with Express 35S at 14 hpt for 1 h, lysed in the absence of SDS, and divided into
four parts. Two parts were adjusted to 0.1% SDS (1). One part from each
preparation was immunoprecipitated with anti-PB2 (A) or with anti-T7 tag
antibodies for NP (B). The immunoprecipitated complex was analyzed by SDS-
PAGE (10% [top half] and 15% [bottom half] polyacrylamide). Open arrow-
heads show the positions of NP IV mutants. Three lines on the right indicate the
positions of different NP IV mutant proteins (open arrowhead) in the gel.
ALLSA, all SA mutations (467SA, 473SA, 478SA, 482SA, and 486SA) com-
bined.

FIG. 8. In vivo polymerase activity of NP mutants. COS1 cells in 60-mm-
diameter dishes were infected with VTF7.3 at an MOI of 5 and transfected with
DNA containing pGEM PB1 (3 mg), pGEM PB2 (3 mg), pGEM PA2 (0.5 mg),
Ribo-CAT (3 mg), and pGEM NP (or NP mutant) (5 mg) in duplicate plates. One
set of plates was kept at 33°C, and other set was kept at 37°C. At 24 hpt, cells
were lysed and assayed for CAT activity (A). Parts of the same lysates were
analyzed by SDS-PAGE (8% gel), Western blotted on a membrane, and probed
with anti-WSN antibodies. The membrane was developed by chemiluminescence
reagent (B). The CAT activities of WT and mutant NP proteins in panel A were
quantified and compared, using the activity of the WT NP at 33 or 37°C as 100%
(C).
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(4, 26), although M1-NP and M1-NS1 complexes have not
been directly demonstrated. In this report, we have shown that
NP can interact directly with the polymerase protein complex
both in virus-infected cells and in cells coexpressing NP and
polymerase proteins. We have further shown that NP can in-
teract with PB1 and PB2 independently. Using two indepen-
dent approaches, we have demonstrated that the interaction of
NP with PB1 and PB2 is specific. Experiments reported here
have further shown that the NP-PB2 complex is rather labile
and therefore likely to be dynamic in nature. We have further
shown that the sequences at the COOH terminus of NP reg-
ulate the strength and stability of NP-PB2 interaction since the
deletion of 33 aa at the COOH terminus increases the amount
of NP-PB2 complex formation and renders the NP-PB2 com-
plex resistant to 0.1% SDS. However, how these COOH-ter-
minal sequences affect NP-PB2 interaction is unclear. One
possibility is that the COOH terminus may cover up and
thereby mask some of the interacting domains and that re-
moval of the COOH-terminal sequences would expose the
interacting surface(s) of NP. Alternatively, removal of the
COOH sequence could cause structural alteration of NP lead-
ing to exposure of the interacting domain(s). Since NP is a
phosphoprotein (14, 34, 35) and since phosphorylation/de-
phosphorylation is known to affect many biological functions,
including the interaction among proteins, it is likely that the
state of NP phosphorylation regulates the affinity and stability
of NP-PB2 interaction in virus-infected cells. Therefore, re-
moval of the COOH sequences may have affected the phos-
phorylation of NP, which may be responsible for regulating the
affinity of NP-PB2 interaction. We are now in the process of
determining if deletion of COOH sequences affects phosphor-
ylation of NP and if NP phosphorylation affects NP-PB2 inter-
action as well as transcription and replication of vRNA. It
should be further noted that only a minor fraction of NP and
PB2 formed complexes with each other either in virus-infected
cells or in cells coexpressing WT proteins.

WSN ts 56 virus has a 314SN mutation in NP (21) and
exhibits temperature sensitivity in the transcription-to-replica-
tion switch affecting cRNA synthesis (17, 19). It is not known
if this ts effect is due to phosphorylation, as another mutation
(332AT) in the same region (ts 81 in fowl plague virus) also
exhibits temperature sensitivity (25). The role of either of these
mutations on the phosphorylation of NP has not been deter-
mined. Recently, an SA mutation at position 3 of NP (3SA NP)
of A/Victoria/3/75 virus was shown to partially affect phosphor-
ylation and CAT activity (;50% of the WT level) in an in vivo

transcription-replication assay (3). However, these authors did
not check for the temperature sensitivity of the 3SA NP mu-
tant; furthermore, two viruses, A/WSN/33 and A/Swine/Cam-
bridge/1/35, do not have a serine residue at position 3 of NP.
Therefore, the sites of phosphorylation in NP and the role of
phosphorylation in NP functions remain to be determined.

Our data show that multiple regions of NP interact with
PB2. The COOH terminus (aa 340 to 498) of NP contains a
PB2 binding site as well as a sequence regulating the NP-PB2
interaction in the last 33 aa of NP. NP II (aa 161 to 256) does
not bind to PB2. An RNA binding region of NP has been
identified within NH2-terminal aa 1 to 180 (2, 16), which over-
lap with the NP I region encompassing aa 1 to 161. However,
further fine mapping of both RNA binding and PB2 binding
regions will be needed to determine if there is any true overlap
between these two functions.

As indicated earlier, the critical question as to how vRNA
synthesis is switched from transcription mode to replication
mode in the infectious cycle remains unexplained. It is likely
that the 3P complex, template, and/or the product RNA be-
come modified by the viral and cellular factors. Although
RNP-free soluble NP has been shown to be involved in switch-
ing RNA synthesis from transcription to replication and in the
synthesis of both cRNA and vRNA, the mode of NP function
in these steps remains unclear. As mentioned earlier, the pro-
posed antitermination effect due to NP binding to the product
RNA or melting effect of NP on the panhandle structure of the
template RNA cannot explain the efficient cap-independent
initiation required for cRNA or vRNA synthesis. It is therefore
possible that the observed binding of NP to PB1 and PB2
reported here facilitates cap-independent initiation in causing
the transcription-to-replication switch. NP binding to PB2 may
affect either the cap recognition or the cap cleavage function of
PB2, thus reducing the availability of 59-capped primers re-
quired for initiation of mRNA. Further, the binding of NP to
PB1 may facilitate efficient cap-independent initiation and
elongation. Antitermination (6) and processivity (12) functions
of NP would permit more efficient chain completion. The re-
cent observation that PB1 alone or PB1 and PA can permit
synthesis of vRNA (28, 29, 40) may also support this hypothesis
since all of these experiments were carried out with cell lines
expressing NP along with PB1 and/or PA. It should also be
noted that a ts defect in NP (ts 81) was extragenically sup-
pressed by a ts defect in PB2 (24), suggesting a possible inter-
action between NP and PB2. Furthermore, a report that three
anti-NP monoclonal antibodies interfered with the influenza
virus RNA synthesis in vitro (5) would also suggest a possible
interaction between NP and the polymerase protein complex.
Therefore, further analysis of NP-PB1 as well as NP-PB2 in-
teractions would help in defining the function of NP in this
critical step of vRNA synthesis, the switch to replication from
transcription including primer-independent initiation of RNA
synthesis.

Finally, we have shown that an in vivo transcription-replica-
tion assay using CAT reporter protein can be used to analyze
the temperature sensitivity of mutant proteins. It will be inter-
esting to determine if the temperature sensitivity of the in vivo
transcription-replication assay correlates with the ts phenotype
of the infectious virus. If so, such an assay could be used as a
screening procedure for selecting ts mutants which can be
rescued by reverse genetics (23) for further analysis.
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FIG. 9. Interaction of SA mutants of NP with PB2. COS1 cells were infected
with VTF7.3 at an MOI of 5 and cotransfected with either pGEM NP or mutant
NP (1 mg) along with pGEM PB2 (3 mg). At 14 hpt, cells were labeled with
Express 35S for 1 h, lysed, and divided into two parts; one part was immunopre-
cipitated with anti-NP antibodies, and the other part was immunoprecipitated
with anti-PB2 antibodies in the absence of SDS. The immunoprecipitated com-
plex was analyzed by SDS-PAGE (8% gel).
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